Fluoroalkyltin compounds have been used as CVD precursors for the deposition of thin films of F-doped SnO 2 .
INTRODUCTION
Doped tin oxide films are arguably the most studied of the transparent conducting oxide thin films, as they have found widespread applications in various optoelectronic devices including electrochromic displays, liquid crystal displays and solar cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] Of all the dopants employed (P, 10, 11 , As 12 Sb 13,14 etc), fluorine is the most common as it generates films of high conductivity and optical clarity. [15] [16] [17] Thin films of SnO 2 , including F-doped materials, can be achieved by a number of routes (sol-gel, [18] [19] [20] [21] [22] [23] rf sputtering, 24,25 spray pyrolysis [26] [27] [28] [29] [30] ) though chemical vapour deposition (CVD) is the method of choice for large-scale coatings. This is particularly pertinent in the coating of architectural glass, where F:SnO 2 has been widely exploited as a solar control device to reduce energy loss from buildings and in which the doped tin oxide film acts by being transparent to visible wavelengths but reflective in the infrared. [31] [32] [33] Conventional CVD experiments have employed both a volatile tin source [e.g. SnMe 4 , [34] [35] [36] SnCl 4 , [37] [38] [39] [40] SnCl 2 , 41 Sn(NMe 2 ) 4 42 ] in conjunction with both oxygen (e.g. O 2 , 36 22, 23, 50 To retain volatility, most attempts to develop single-source precursors for F:SnO 2 have incorporated the dopant element into a more complex ligand system rather than having it directly bonded to tin, and successful CVD of F:SnO 2 has been achieved from However, the possibility of alternative decomposition pathways e.g involving radicals,
cannot be excluded.
Fluoroorganotins have been known for many years, though they have proved less synthetically amenable than non-fluorinated organotins. The majority of known compounds contain only one fluorinated group (R 3 SnR f ), 58, 59, 57, 60 with relatively few examples of compounds containing additional R f groups, 61, 62 particularly the homoleptic Sn(R f ) 4 . 63 Of the known synthetic protocols (Table 1) , reaction of hexaorganoditins with R f I yields product mixtures which are often difficult to separate, 59 ,58,57 while fluoro-organomagnesium reagents are themselves relatively difficult to prepare. 61 The latter can be more conveniently prepared indirectly, by reaction of RMgX with R f I, 63 and this has enabled the Grignard route to afford a number of (C 3 F 7 ) n SnR 4-n species in variable yields. 63 Similar methodology has proved less effective in the case of organolithium reagents, 60 though it has been used as a route to fluorovinyltin compounds. 64, 65 Less widespread methodologies have involved organocadmium reagents 66 and oxidative addition of R f I to divalent tin species. 67 In this paper we report the synthesis of a range of R n Sn(R f ) 4 -n and their use as atmospheric pressure chemical vapour deposition (APCVD) precursors for the deposition of F:SnO 2 thin films. Included in this report is the gas-phase structure of Me 3 (C 4 F 9 )Sn, determined using a combination of electron diffraction and computational methods.
EXPERIMENTAL General
Infrared spectra (cm -1 ) were recorded as liquid films between NaCl plates using a Nicolet 510P FT-IR spectrophotometer, and elemental analyses were performed using an Carlo-Erba 
Chemical Vapour Deposition
Details of our apparatus are given elsewhere. 69 The entire system consists of a horizontal cold wall reactor with associated gas lines and electrical heater controls. The precursor was heated in a stainless steel bubbler which was encased in an oven in which the temperature of the precursor could be measured accurately by a thermocouple positioned inside the bubbler.
The pipework inside the oven contained a by-pass system which enabled the gas flows and temperatures to be set before the nitrogen carrier gas flow was turned to the bubbler to transport the vaporised precursor. Following the turning of the valves to direct the gas flow to the bubbler, the precursor was swept from the bubbler and then mixed with nitrogen diluent and oxygen before being transported from the oven. The mixture was then transported along the heated external pipework to the CVD reactor. Before the vapour reached the CVD reactor, it was passed through a baffle to promote laminar flow. After passing through the baffle, the precursor vapour was passed directly into the reactor chamber which is 8 mm high, 40 mm wide and 300 mm long contained within ceiling tiles and walls of silica plates.
The glass substrate is positioned upon a large graphite susceptor which is heated by three Watlow-fire rod cartridge heaters; the temperature of the graphite block is maintained by a 
Film Analysis
The X-ray diffraction equipment consisted of a Philips PW1130 generator operating at 45 kV and 40 mA to power a copper long fine focus X-ray tube. A PW 1820 goniometer fitted with glancing-angle optics and proportional X-ray detector was used. The non-focusing thin film optics employed a ¼ degree primary beam slit to irradiate the specimen at a fixed incident angle of 1.5°. Diffraction radiation from the sample was collimated with a flat plate collimator and passed through a graphite flat crystal monochromator to isolate diffracted copper Kα peaks onto the detector. The equipment was situated in a total enclosure to provide radiation safety for the highly collimated narrow beams of X-rays. Data were acquired by a PW1710 microprocessor and processed using Philips APD VMS software. Crystalline phases were identified from the International Centre for Diffraction Data (ICDD) database.
Samples of coating for XRD were of approximate dimensions 1.5 × 2.0 cm. Crystallite size was determined from line broadening using the Scherrer equation. 70 The instrumental effect was removed using the NIST SRM660 lanthanum hexaboride standard. These operating conditions were used in preference to conventional Bragg-Brentano optics for thin films to
give an order of magnitude increase in count rate from a fixed volume of coating with little contribution from the substrate.
Film thickness was determined by etching a thin strip of the film with zinc powder and 50%
HCl solution. This created a step in the film which was measured with a Dektak stylus technique.
Haze was measured on a Pacific Scientific Hazeguard meter and with a barium fluoride detector. The calculation of haze was carried out by measurement of the specular light and diffusive light. Specular light is defined as light transmitted straight through the sample within ± 2.5° of normal incidence and the diffusive light is defined as light scattered beyond 2.5°.
The initial measurement was carried out with the specular detector slot closed and therefore a value for the sum of the specular light and the diffusive light is obtained. The specular light slot is then opened and a measurement of the diffusive light is obtained.
Emissivity data were then calculated from the infra-red reflectance spectra, measured using a two-beam Perkin Elmer 883 machine and measured against a rhodium mirror standard, using the formula: ) and corrected using a conversion factor, the value being dependent on the diameter of the scribed circle. Knowing the sheet resistance and the film thickness, the resistivity was determined by:
Resistivity (Ω cm) = Sheet resistance (Ω/ ) × Thickness (cm) XRF measurements were made on a Philips PW1400 machine fitted with a scandium target X-ray tube. The penetration depth achieved was between 9 and 10 microns, so the result obtained was throughout the thickness of the coating. The analysis was performed on approximately 6 cm 2 of material.
Theoretical methods
Calculations were performed on a DEC Alpha APX 1000A workstation using the GAUSSIAN 94 program. 72 An extensive search of the potential energy surface of Me 3 SnC 4 F 9 (6) was undertaken at the HF/3-21G* level in order to locate all structurally stable conformers.
In total four conformers were found, all with C 1 symmetry (Figure 1 ). Further geometry optimisations were then undertaken for all minima with the D95 basis set 73 (a full double zeta basis set) including a double zeta set on tin 74 (15s, 11p, 7d/ 11s, 7p, 4d) at the HF level. The subsequent two sets of calculations used the LanL2DZ 75-77 effective core potential (ECP) basis set (incorporating relativistic effects) for tin and D95 for the remaining atoms at the HF and MP2 levels of theory. Vibrational frequencies were calculated from analytic second derivatives up the D95 (F, C, H, O), LanL2DZ (Sn)/HF level to confirm all conformers as local minima on the potential energy surface. The force constants obtained from these calculations were subsequently used to construct harmonic force fields for all conformers using the ASYM40 program. 78, 79 As no fully assigned vibrational spectra are available for 6 to scale the force fields, a scaling factor of 0.9 was adopted for bond stretches, angle bends and torsions. 80 The scaled harmonic force fields were then used to provide estimates of amplitudes of vibration (u) for use in the gas-phase electron diffraction (GED) refinements. can be seen in Table 2 ; a complete tabulation of the results at all levels is available as ESI.
Gas-phase electron diffraction
Data were collected on Kodak Electron Image plates using the Edinburgh gas diffraction apparatus. 81 An accelerating voltage of ca. 40 kV (electron wavelength ca. 6.0 pm) was used, with sample and nozzle temperatures of ~400 K and ~450 K respectively; nozzle-to-plate distances were 95.57 and 252.33 mm. The weighting points for the off-diagonal weight matrices, correlation parameters and scale factors for the two camera distances are given in Table 4 .
The starting parameters for the r a refinements were taken from the theoretical geometry optimised at the MP2 level. The theoretical Cartesian force fields was obtained and converted into a force field described by a set of symmetry coordinates using a version of the ASYM40 program modified to work for molecules with more than 40 atoms. All 28 geometric parameters and 26 groups of vibrational amplitudes were refined, using 24 flexible restraints on geometric parameters (Table 4 ) and 25 restraints on amplitudes of vibration (see ESI)
according to the SARACEN method.
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RESULTS AND DISCUSSION
Synthesis and Spectroscopy
A series of perfluoroalkytin compounds R (4-n) Sn(R f ) n (1 -6) has been prepared employing the methodology of Seyferth et al.: Similarly, the organolithium reagent C 4 F 9 Li, prepared in situ from MeLi and C 4 F 9 I, required an extremely low temperature (-100°C) to prevent decomposition resulting in poor conversion to the desired product (1) (11% after column chromatography, as above). These findings are consistent with a previous report on this reaction. 60 The most effective and reproducible method for the synthesis of the fluoroalkyltins involved the indirect formation of the Grignard, R f MgI, from iPrMgCl and C 4 F 9 I. While this reaction was also found to be extremely temperature sensitive and care had to be taken to ensure the temperature remained at -78°C during this step, adequate formation of the perfluoromagnesium iodide could be realised over a minimum of 1 h. Reagent quantities were chosen to form 50% excess equivalents of the required Grignard reagent (based on 100% conversion) for reaction with the organotin chloride to allow for decomposition and incomplete conversion. This was especially important for the synthesis of compounds in which more than one chloride was to be replaced, to reduce the complexity of the final product mixture. The reaction of the fluorinated Grignard reagent with the organotin chloride proceeded better at a slightly elevated temperature (-40°C), and to achieve a reasonable yield this temperature had to be maintained for at least 2 h. The yield of 1 by this method was increased to 55%.
It was generally found that the yields decreased as more fluorinated groups were introduced, and overall were in the range 18 -55%. All compounds are air stable, colourless liquids.
NMR spectra confirm the composition of the compounds. The magnitudes of the
for 1 -6 (331 -395 Hz) are in the appropriate region for four-coordinate organotin species (300 -400 Hz). 86, 87 There is an increase in 
Structural Study
The computational study of Me 3 SnC 4 F 9 (6) showed that there are four stable conformers (Figure 1,a -d) , two of which are likely to be significantly populated at the temperature of the electron diffraction experiments (ca. 400 K). This is supported by the analysis of the GED data, which shows that the only conformers in which a fluorine atom gets close enough to tin for exchange to occur easily (conformers 3 and 4) must only exist in small quantities (ca. 2%
for conformer 3, < 1% for conformer 4). However, the experimental data indicate that even a large fraction of conformer 3, in which the C 4 F 9 chain is less twisted than in the computed high-energy conformer 4, has a negative effect on the refinement.
The optimum fit of the GED data was found for a mixture of 65% conformer 2, 33% conformer 1 and 2% conformer 3, while calculations predict that the mixture is 86% conformer 2 and 13% conformer 1 (1% conformer 3). These values were obtained by manual adjustment of the two weight parameters, p 27 and p 28 .
The geometrical parameters obtained in the refinement are listed in Table 4 (14)…Sn-C(6) angle of 165.3°. In both conformer 3 and conformer 4 the C-F that is thus linked to the tin atom is calculated to be 1.2 pm longer than its neighbouring C-F bond(s).
Film Deposition
Compounds 1 -5 have been screened as potential CVD precursors for F:SnO 2 , using an atmospheric pressure CVD reactor described elsewhere. 69 In all cases, the substrate used was 4 mm glass which had been undercoated with a thin film of SiCO to act as a blocking layer to prevent sodium diffusion into the deposited film. The reactor temperatures (ca. 550 o C) were found to produce good transparent films which adhered well to the glass substrate and could not be removed without relatively harsh treatment. Lower temperatures resulted in a vast decrease in the growth rates, while powdery deposits were obtained at higher temperatures. No attempt has been made in this study to optimise deposition parameters. was the most effective of the precursors evaluated in this study.
Film Characterisation
Glancing Angle X-Ray diffraction confirmed the film composition as crystalline SnO 2 in all cases; a representative diffraction pattern is shown in Figure 2 For all films, thickness, haze, emissivity, sheet resistance, resistivity and fluorine content were measured (Table 5 ) and are compared with data typical of F:SnO 2 films used in solar control coatings. 90 Fluorine incorporation in the range 1-8%, 91, 15 optimising at ca. 3%, 92 has been found enhance the film properties, leading to low resistivity and low emissivity (the ability of a material to re-radiate absorbed energy into a colder environment; low-E coatings are desirable in cold climates to prevent heat loss); good visual appearance is indicated by a low haze, which increases as the film becomes more cloudy.
All precursors produced fluorine-doped tin oxide films establishing that the perfluoroalkyltin compounds were capable of acting as single-source precursors. Reasonable success was achieved in trying to obtain films of approximately 3000 Å thickness, the approximate dimension of commercial F:SnO 2 films, from precursors with which there were sufficient quantities to perform several runs. Due to the small synthetic quantities of precursors 3 and 4, growth rate was not optimised and the best film derived from 3 was extremely thick (6165 Å), while a very thin film (2000 Å) was obtained from precursor 4. Data from these films can therefore only be taken as a guide to optimum film properties. As might be expected, low emissivity and resistivity were noted for the thick film grown from 3, but at the expense of very high haze (4.10%). In contrast, higher emissivity and resistivity were found for the thin film grown from precursor 4, although the haze was also reasonably high (0.50%) for a film of only 2000 Å thickness. Compound 4 does not seem a promising precursor for F:SnO 2 . The properties of the film derived from precursor 3 are also not a significant improvement on the measurements given for a standard coating given its enhanced thickness. Due to the difficult and expensive synthesis of the precursors, and, more importantly, the production of better quality films from other precursors, it was decided not to synthesise additional material in order to perform further deposition experiments.
Films derived from 1, 2 and 5 have properties which approach those of commercial films derived from a dual-source approach, which suggests that more detailed deposition study could lead to an even more competitive properties. From the trends in data available from this initial study, it appears that increasing the number of R f groups in the precursor diminishes the resultant film quality (1 vs 2) . Moreover, data from 3, 4 also suggest that increased fluorine content in the precursor, either from more or longer R f groups, also has a detrimental effect on film quality. The film derived from 5, which has the best overall portfolio of properties and accrues at the highest growth rate, further implies one R f group is sufficient and that (C 2 H 5 ) n Sn is favoured over (C 4 H 9 ) n Sn, a feature that we have noted in other related precursor systems, e.g. Et 3 SnO 2 CCF 3 vs Bu 3 SnO 2 CCF 3 .
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The fluorine content of the films shows no discernable pattern and raises a number of issues. From compounds (1) and (2), which contain an increasing number of fluorinated groups, it can be seen that the incorporation of additional fluorine into the precursor leads to an increase in the quantity of fluorine found in the resultant tin oxide film. Furthermore, the fluorine content determined for the film grown from precursor (5) is similar to that found for (1), which is reasonable given that the compounds have an identical R 3 SnC 4 F 9 formulation.
However, a reduced fluorine content was observed from BuSn(C 4 F 9 ) 3 (3) with three fluorinated ligands, the reason for which is unclear but could suggest an alternative or competing decomposition mechanism is operating. The extremely low fluorine content found in the film deposited from Bu 3 SnC 6 F 13 (4) was unexpected, but probably explains the extremely poor set of properties exhibited by this film (Table 5 ).
The incorporation of fluorine from the precursor into the SnO 2 film is inevitably related to both the structure of the precursor and its decomposition mechanism. shows that approach of γ-F and δ-F to tin along reaction coordinates that favour formation of five-coordinated transition states occurs in conformers 3 and 4 respectively, with lengthening of the C-F bonds, and that transfer of fluorine from these sources are most likely. The experimental amount of conformer 3 is only 1%, but this value is very uncertain, and the calculated amount is 12% at 400 K (the temperature of GED experiment), rising to 21% at 830 K (the temperature of the CVD experiment). Conformer 4 is calculated to account for fewer than 1% of the molecules at 400 K but 3.6% at 830 K, so it too could be involved in the fluorine-transfer process. In addition, if either or both of the γ-and δ-F sites are responsible for the doping, the low fluorine content of the film produced by Bu 3 SnC 6 F 13 can plausibly be rationalised by the fact the electron-withdrawing C 2 F 5 group attached to the δ-carbon in this compound effectively reduces the basicity of the fluorines attached to the γ-and δ-CF 2 centres.
CONCLUSIONS
In conclusion, the films produced from the perfluoroalkyltin compounds were encouraging, and showed that it was possible to grow a fluorine-doped tin oxide film from a single-source precursor. Overall, it appears that the best arrangement for a precursor in this class consists of one containing a single fluorinated group. The length of the fluorinated chain seems to be important and for effective fluorine-doping a relatively small R f group appears to be essential as the fluorine incorporation diminishes as R f changed from C 4 F 9 (1) to C 6 F 13 (4 
